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Sequence Alignment Overview. 3

We want to compare two sequences, which we refer to as the query Q and subject S.
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Sequence Alignment Overview. 3

� �� ��

The query is usually a short sequence such as a wgs read, primer or EST.
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Sequence Alignment Overview. 3

�� � � � �� � � ��
The subject is usually a long sequence such as a finished genome or a database of short

sequences.
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|Q| = n and |S| = m
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Sequence Alignment: Smith-Waterman. 4

Given two sequences Q and S, with

|Q| = n and |S| = m, construct the

n × m matrix M = [Mi,j ] such that

Mi,j = max



























0,

Mi−1,j−1 + δ(Qi, Si),

Mi,j−1 − d,

Mi−1,j − d



























where i runs from 1 to n, j runs from 1 to

m, δ(., .) is a scoring function and d is the

gap-penalty.
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Sequence Alignment: Smith-Waterman. 4

Given two sequences Q and S, with

|Q| = n and |S| = m, construct the

n × m matrix M = [Mi,j ] such that

Mi,j = max


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
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Mi−1,j−1 + δ(Qi, Si),

Mi,j−1 − d,

Mi−1,j − d


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

















where i runs from 1 to n, j runs from 1 to

m, δ(., .) is a scoring function and d is the

gap-penalty.

Mi,0 = 0; i = 0, ..., n.

M0,j = 0; j = 0, ..., m.
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Sequence Alignment: Smith-Waterman. 5

The optimal alignment between Q and S

ends at Qu, Sv for u, v such that Mu,v is

the largest element of M. This alignment is

said to have score Mu,v .
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The optimal alignment between Q and S

ends at Qu, Sv for u, v such that Mu,v is

the largest element of M. This alignment is

said to have score Mu,v .

Therefore to know the score of the optimal

alignment between two sequences for given

δ(., .) and d, we simply need to fill in the

matrix M and keep a record of the

maximum entry as we go.
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Sequence Alignment: Smith-Waterman. 5

The optimal alignment between Q and S

ends at Qu, Sv for u, v such that Mu,v is

the largest element of M. This alignment is

said to have score Mu,v .

Therefore to know the score of the optimal

alignment between two sequences for given

δ(., .) and d, we simply need to fill in the

matrix M and keep a record of the

maximum entry as we go.

Example:

Q = AACATTTGGTGATTG

S = TGATTTGAGATTGATGC

δ(x, y) =







1 x = y

−2 x 6= y







d = 1.
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Sequence Alignment: Smith-Waterman. 6

Filling in the first row we have

M1,1 = max



























0,

M0,0 + δ(A, T ),

M1,0 − d,

M0,1 − d



























= max



























0,

0 − 2,

0 − 1,

0 − 1



























= max {0,−2,−1,−1}

= 0.
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Sequence Alignment: Smith-Waterman. 6

Filling in the first row we have

M1,1 = max



























0,

M0,0 + δ(A, T ),

M1,0 − d,

M0,1 − d



























= max



























0,

0 − 2,

0 − 1,

0 − 1



























= max {0,−2,−1,−1}

= 0.

similarly

M1,2 = max



























0,

M0,1 − 2,

M1,1 − 1,

M0,2 − 1



























= max {0,−2,−1,−1}

= 0.
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Sequence Alignment: Smith-Waterman. 7

and

M1,3 = max



























0,

M0,2 + 1,

M1,2 − 1,

M0,3 − 1



























= max {0, 1,−1,−1}

= 1.
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Sequence Alignment: Smith-Waterman. 7

and

M1,3 = max



























0,

M0,2 + 1,

M1,2 − 1,

M0,3 − 1



























= max {0, 1,−1,−1}

= 1.

and so on

· T G A T T T · · ·

A 0 0 1 0 0 0 · · ·

A

...
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Sequence Alignment: Smith-Waterman. 8

Proceeding row by row the full matrix looks like this

· T G A T T T G A G A T T G A T G C

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

T 1 0 0 2 1 1 0 0 0 0 2 1 0 0 2 0 0

T 1 0 0 1 3 2 1 0 0 0 1 3 2 1 1 0 0

T 1 0 0 1 2 4 3 2 1 0 1 2 1 0 2 1 0

G 0 2 1 0 1 3 5 4 3 2 1 0 3 2 1 3 2

G 0 1 0 0 0 2 4 3 5 4 3 2 2 1 0 2 1

T 1 0 0 1 1 1 3 2 4 3 5 4 3 2 2 1 0

G 0 2 1 0 0 0 2 1 3 2 4 3 5 4 3 3 2

A 0 1 3 2 1 0 1 3 2 4 3 2 4 6 5 4 3

T 1 0 2 4 3 2 1 2 1 3 5 4 3 5 7 6 5

T 1 0 0 3 5 4 3 2 1 2 4 6 5 4 6 5 4

G 0 2 1 2 4 3 5 4 3 2 3 5 7 6 5 7 6
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Sequence Alignment: Smith-Waterman. 9

Trace back to find the alignments

· T G A T T T G A G A T T G A T G C

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

T 1 0 0 2 1 1 0 0 0 0 2 1 0 0 2 0 0

T 1 0 0 1 3 2 1 0 0 0 1 3 2 1 1 0 0

T 1 0 0 1 2 4 3 2 1 0 1 2 1 0 2 1 0

G 0 2 1 0 1 3 5 4 3 2 1 0 3 2 1 3 2

G 0 1 0 0 0 2 4 3 5 4 3 2 2 1 0 2 1

T 1 0 0 1 1 1 3 2 4 3 5 4 3 2 2 1 0

G 0 2 1 0 0 0 2 1 3 2 4 3 5 4 3 3 2

A 0 1 3 2 1 0 1 3 2 4 3 2 4 6 5 4 3

T 1 0 2 4 3 2 1 2 1 3 5 4 3 5 7 6 5

T 1 0 0 3 5 4 3 2 1 2 4 6 5 4 6 5 4

G 0 2 1 2 4 3 5 4 3 2 3 5 7 6 5 7 6

.
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Sequence Alignment: Smith-Waterman. 10

subject 3 ATTT_G_AGATTG 13 subject 3 ATTTG__AGATTG 13

||||-|--||||| |||||___|||||

query 4 ATTTGGT_GATTG 15 query 4 ATTTGGT_GATTG 15

subject 3 ATTTGA_GATTG 13 subject 3 ATTTGA__GATTG 13

|||||i-||||| |||||---|||||

query 4 ATTTGGTGATTG 15 query 4 ATTTG_GTGATTG 15

subject 3 ATTT_GA_GATTG 13 subject 3 ATTTGAG__ATTG 13

||||-|--||||| |||||-|--||||

query 4 ATTTGG_TGATTG 15 query 4 ATTTG_GTGATTG 15

subject 3 ATTTGAGATTGAT 15 subject 3 ATTTGAGATTCAT 15

|||||-|-|-||| |||||-|--||||

query 4 ATTTG_G_T_GAT 13 query 4 ATTTG_G__TGAT 13

subject 3 ATTTGAGATTGAT_G 16 subject 3 ATTTGAGATTGAT_G 16

|||||-|-|-|||-| |||||-|--||||-|

query 4 ATTTG_G_T_GATTG 15 query 4 ATTTG_G__TGATTG 15

subject 3 ATTTGAGATTGA_TG 16 subject 3 ATTTGAGATTGA_TG 16

|||||-|-|-||-|| |||||-|--|||-||

query 4 ATTTG_G_T_GATTG 15 query 4 ATTTG_G__TGATTG 15
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Sequence Alignment: Smith-Waterman. 11

✔ Always finds optimal alignment(s).
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✔ Always finds optimal alignment(s).

✔ Finds N -best alignments.
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✔ Always finds optimal alignment(s).

✔ Finds N -best alignments.

✔ Easy to code.

✖ O(n2) space.
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Sequence Alignment: Smith-Waterman. 11

✔ Always finds optimal alignment(s).

✔ Finds N -best alignments.

✔ Easy to code.

✖ O(n2) space.

✖ O(n2) time.
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Sequence Alignment: Smith-Waterman. 12

High scoring alignments are all located along diagonals.

· T G A T T T G A G A T T G A T G C

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

A 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0

T 1 0 0 2 1 1 0 0 0 0 2 1 0 0 2 0 0

T 1 0 0 1 3 2 1 0 0 0 1 3 2 1 1 0 0

T 1 0 0 1 2 4 3 2 1 0 1 2 1 0 2 1 0

G 0 2 1 0 1 3 5 4 3 2 1 0 3 2 1 3 2

G 0 1 0 0 0 2 4 3 5 4 3 2 2 1 0 2 1

T 1 0 0 1 1 1 3 2 4 3 5 4 3 2 2 1 0

G 0 2 1 0 0 0 2 1 3 2 4 3 5 4 3 3 2

A 0 1 3 2 1 0 1 3 2 4 3 2 4 6 5 4 3

T 1 0 2 4 3 2 1 2 1 3 5 4 3 5 7 6 5

T 1 0 0 3 5 4 3 2 1 2 4 6 5 4 6 5 4

G 0 2 1 2 4 3 5 4 3 2 3 5 7 6 5 7 6

.
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Sequence Alignment: FASTA. 13

k = 5
· T G A T T T G A G A T T G A T G C

A ∗ ∗ ∗ ∗
A ∗ ∗ ∗ ∗
C ∗
A ∗ ∗ ∗ ∗
T ∗ ∗ ∗ ∗ ∗ ∗ ∗
T ∗ ∗ ∗ ∗ ∗ ∗ ∗
T ∗ ∗ ∗ ∗ ∗ ∗ ∗
G ∗ ∗ ∗ ∗ ∗
G ∗ ∗ ∗ ∗ ∗
T ∗ ∗ ∗ ∗ ∗ ∗ ∗
G ∗ ∗ ∗ ∗ ∗
A ∗ ∗ ∗ ∗
T ∗ ∗ ∗ ∗ ∗ ∗ ∗
T ∗ ∗ ∗ ∗ ∗ ∗ ∗
G ∗ ∗ ∗ ∗ ∗

b = 2
· T G A T T T G A G A T T G A T G C

A ∗ ∗ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

A ∗ ∗ ∗ 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C ∗ ∗ ∗ ∗ 0 0 0 0 0 0 0 0 0 0 0 0 0

A ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0 0 0 0 0 0 0 0

T ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0 0 0 0 0 0 0

T 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0 0 0 0 0 0

T 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0 0 0 0 0

G ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0 0 0 0

G ∗ ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0 0 0

T ∗ ∗ ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0 0

G ∗ ∗ ∗ ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0 0

A ∗ ∗ ∗ ∗ ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0 0

T 0 ∗ ∗ ∗ ∗ ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0 0

T 0 0 ∗ ∗ ∗ ∗ ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0 0

G 0 0 0 ∗ ∗ ∗ ∗ ∗ 0 0 ∗ ∗ ∗ ∗ ∗ ∗ 0
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Sequence Alignment: BLAST. 14

➳ Look for at least two k-mer words on

same diagonal.

➳ Extend with ungapped alignment.

➳ Join into gapped alignment.
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SSAHA Algorithm. 15
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Split the subject into non-overlapping k-mers. Process the query in overlapping k-mers.
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SSAHA Algorithm. 16

The algorithm constructs a hashtable consisting of a head and a body. The head contains

one integer for every possible k-mer over the alphabet; 4k for DNA. The body contains one

integer for every whole k-mer in the subject sequence or database; with k = 12 and 4 byte

integers, the body size is one third the number of bases in the subject.
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SSAHA Algorithm. 17

The basis of the algorithm is a 2-bit encoding αbinary for each base α of the DNA

sequence

αbinary =



























00 if α = A;

01 if α = C ;

10 if α = G;

11 if α = T .

An integer κ is then constructed for each k-mer by taking the decimal representation of the

binary number κbinary obtained by concatenating the 2-bit codes α
binary
i for each base

αi of the k-mer in turn

κbinary =
k

∑

i=1

α
binary
i · (100)

(k−i)
2

κ = decimal(κbinary).

The value of κ for each k-mer is straight forward to construct in practice using bit-shift

operations on an integer
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SSAHA Algorithm. 18

" # $ % & ' ( & ) * + $ ( , - . / 0 1 2 0 3 4

5 5 5 5 5 5 5 5 5 5 5 5 - . / 0 6 7 8 9 9 5 : 5 4 4 4 4 4 4 4 4 4 4 4 4 ; < < = > 4 75 5 5 5 5 5 5 5 5 5 5 ? - . / 0 6 @ 8 9 9 5 : 5 ; < < = > 4 @4 4 9 9 5 : 5 ; < < = > 4 A4 4 9 9 5 : 5 ; < < = > 4 B4 4 9 9 5 : 5 ; < < = > 4 74 4 9 9 5 : 5 ; < < = > 4 @5 C ? C C D 5 C C ? 5 D - . / 0 6 B E E A F 7 @ 8 9 9 5 : 5 9 9 5 : 5

5 C ? C C D 5 C C ? 5 C - . / 0 6 B E E A F 7 A 8 9 9 5 : 5 9 9 5 : 54 4 9 9 5 : 5 9 9 5 : 5C C C C C C C C C C C D - . / 0 6 G H # A 8 9 9 5 : 5 9 9 5 : 5

C C C C C C C C C C C C - . / 0 6 G H # @ 8 9 9 5 : 5 9 9 5 : 59 9 5 : 59 9 5 : 5; < < = > 4 7; < < = > 4 @

I J K L M N O P Q R ; < < = > 4 A9 9 5 : 5S R T U U V R T U W 9 9 5 : 5

X R T W U Y R T W W 9 9 5 : 59 9 5 : 59 9 5 : 5; < < = > 4 7; < < = > 4 @4

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAG

00 11 01 11 11 10 00 11 11 01 00 00
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SSAHA Algorithm. 18

Z [ \ ]̂ _̀ â b c \̀ d e f g h i j h k l
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� � � � � � � � � � q q m r mq q m r mq q m r ms t t u v l os t t u v l xl

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 01 11 11 10 00 11 11 01 00 00
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SSAHA Algorithm. 18
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➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 01 11 11 10 00 11 11 01 00 00
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SSAHA Algorithm. 18

Ê Ë Ì Í Î Ï Ð Î Ñ Ò Ó Ì Ð Ô Õ Ö × Ø Ù Ú Ø Û Ü

Ý Ý Ý Ý Ý Ý Ý Ý Ý Ý Ý Ý Õ Ö × Ø Þ ß à á á Ý â Ý Ü Ü Ü Ü Ü Ü Ü Ü Ü Ü Ü Ü ã ä ä å æ Ü ßÝ Ý Ý Ý Ý Ý Ý Ý Ý Ý Ý ç Õ Ö × Ø Þ è à á á Ý â Ý ã ä ä å æ Ü èÜ Ü á á Ý â Ý ã ä ä å æ Ü éÜ Ü á á Ý â Ý ã ä ä å æ Ü êÜ Ü á á Ý â Ý ã ä ä å æ Ü ßÜ Ü á á Ý â Ý ã ä ä å æ Ü èÝ ë ç ë ë ì Ý ë ë ç Ý ì Õ Ö × Ø Þ ê í í é î ß è à á á Ý â Ý á á Ý â Ý

Ý ë ç ë ë ì Ý ë ë ç Ý ë Õ Ö × Ø Þ ê í í é î ß é à á á Ý â Ý á á Ý â ÝÜ Ü á á Ý â Ý á á Ý â Ýë ë ë ë ë ë ë ë ë ë ë ì Õ Ö × Ø Þ ï ð Ë é à á á Ý â Ý á á Ý â Ý

ë ë ë ë ë ë ë ë ë ë ë ë Õ Ö × Ø Þ ï ð Ë è à á á Ý â Ý á á Ý â Ýá á Ý â Ýá á Ý â Ýã ä ä å æ Ü ßã ä ä å æ Ü è

ñ ò ó ô õ ö ÷ ø ù ú ã ä ä å æ Ü éá á Ý â Ýû ú ü ý ý þ ú ü ý ÿ á á Ý â Ý

� ú ü ÿ ý � ú ü ÿ ÿ á á Ý â Ýá á Ý â Ýá á Ý â Ýã ä ä å æ Ü ßã ä ä å æ Ü èÜ

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 01 11 11 10 00 11 11 01 00 11

Adam Spargo aws@sanger.ac.uk
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� � � � � � � � 	 
 � � � � 
 � � � � � � � �

� � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � 
 � � � �  � � � � � � � � � � � �  

� � � � � � � � � � � � � !

� � � � � � � � � � � � � "

� � � � � � � � � � � � � �

� � � � � � � � � � � � �  

� # � # # $ � # # � � $ 
 � � � � " % % ! & �  � � � � � � � � � � �

� # � # # $ � # # � � # 
 � � � � " % % ! & � ! � � � � � � � � � � �

� � � � � � � � � � � �

# # # # # # # # # # # $ 
 � � � � '
( � ! � � � � � � � � � � �

# # # # # # # # # # # # 
 � � � � '
( �  � � � � � � � � � � �

� � � � �

� � � � �

� � � � � � �

� � � � � �  

) * + , - . / 0 1 2 � � � � � � !

� � � � �

3 2 4 5 5 6 2 4 5 7 � � � � �

8 2 4 7 5 9 2 4 7 7 � � � � �

� � � � �

� � � � �

� � � � � � �

� � � � � �  

�

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 01 11 11 10 00 11 11 00 11 10

Adam Spargo aws@sanger.ac.uk



SSAHA Algorithm. 18

: ; < = > ? @ > A B C < @ D E F G H I J H K L

M M M M M M M M M M M M E F G H N O P Q Q M R M L L L L L L L L L L L L S T T U V L O

M M M M M M M M M M M W E F G H N X P Q Q M R M S T T U V L X

L L Q Q M R M S T T U V L Y

L L Q Q M R M S T T U V L Z

L L Q Q M R M S T T U V L O

L L Q Q M R M S T T U V L X

M [ W [ [ \ M [ [ W M \ E F G H N Z ] ] Y ^ O X P Q Q M R M Q Q M R M

M [ W [ [ \ M [ [ W M [ E F G H N Z ] ] Y ^ O Y P Q Q M R M Q Q M R M

L L Q Q M R M Q Q M R M

[ [ [ [ [ [ [ [ [ [ [ \ E F G H N _
` ; Y P Q Q M R M Q Q M R M

[ [ [ [ [ [ [ [ [ [ [ [ E F G H N _
` ; X P Q Q M R M Q Q M R M

Q Q M R M

Q Q M R M

S T T U V L O

S T T U V L X

a b c d e f g h i j S T T U V L Y

Q Q M R M

k j l m m n j l m o Q Q M R M

p j l o m q j l o o Q Q M R M

Q Q M R M

Q Q M R M

S T T U V L O

S T T U V L X

L

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 01 11 11 10 00 11 11 00 11 01

Adam Spargo aws@sanger.ac.uk
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r s t u v w x v y z { t x | } ~ � � � � � � �

� � � � � � � � � � � � } ~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � } ~ � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � �

� � � � � � � � � � � � � �

� � � � � � � � � � � � � �

� � � � � � � � � � � � � �

� � � � � � � � � � � � } ~ � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � } ~ � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � �

� � � � � � � � � � � � } ~ � � � �
� s � � � � � � � � � � � �

� � � � � � � � � � � � } ~ � � � �
� s � � � � � � � � � � � �

� � � � �

� � � � �

� � � � � � �

� � � � � � �

� � � � � � �   ¡ ¢ � � � � � � �

� � � � �

£ ¢ ¤ ¥ ¥ ¦ ¢ ¤ ¥ § � � � � �

¨ ¢ ¤ § ¥ © ¢ ¤ § § � � � � �

� � � � �

� � � � �

� � � � � � �

� � � � � � �

�

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 01 11 11 10 00 11 11 00 11 01 11

Adam Spargo aws@sanger.ac.uk
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ª « ¬ ­ ® °̄ ® ± ² ³ ¬ °́ µ ¶ · ¸ ¹ º ¸ » ¼

½ ½ ½ ½ ½ ½ ½ ½ ½ ½ ½ ½ µ ¶ · ¸ ¾ ¿ À Á Á ½ Â ½ ¼ ¼ ¼ ¼ ¼ ¼ ¼ ¼ ¼ ¼ ¼ ¼ Ã Ä Ä Å Æ ¼ ¿

½ ½ ½ ½ ½ ½ ½ ½ ½ ½ ½ Ç µ ¶ · ¸ ¾ È À Á Á ½ Â ½ Ã Ä Ä Å Æ ¼ È

¼ ¼ Á Á ½ Â ½ Ã Ä Ä Å Æ ¼ É

¼ ¼ Á Á ½ Â ½ Ã Ä Ä Å Æ ¼ Ê

¼ ¼ Á Á ½ Â ½ Ã Ä Ä Å Æ ¼ ¿

¼ ¼ Á Á ½ Â ½ Ã Ä Ä Å Æ ¼ È

½ Ë Ç Ë Ë Ì ½ Ë Ë Ç ½ Ì µ ¶ · ¸ ¾ Ê Í Í É Î ¿ È À Á Á ½ Â ½ Á Á ½ Â ½

½ Ë Ç Ë Ë Ì ½ Ë Ë Ç ½ Ë µ ¶ · ¸ ¾ Ê Í Í É Î ¿ É À Á Á ½ Â ½ Á Á ½ Â ½

¼ ¼ Á Á ½ Â ½ Á Á ½ Â ½

Ë Ë Ë Ë Ë Ë Ë Ë Ë Ë Ë Ì µ ¶ · ¸ ¾ Ï
Ð « É À Á Á ½ Â ½ Á Á ½ Â ½

Ë Ë Ë Ë Ë Ë Ë Ë Ë Ë Ë Ë µ ¶ · ¸ ¾ Ï
Ð « È À Á Á ½ Â ½ Á Á ½ Â ½

Á Á ½ Â ½

Á Á ½ Â ½

Ã Ä Ä Å Æ ¼ ¿

Ã Ä Ä Å Æ ¼ È

Ñ Ò Ó Ô Õ Ö × Ø Ù Ú Ã Ä Ä Å Æ ¼ É

Á Á ½ Â ½

Û Ú Ü Ý Ý Þ Ú Ü Ý ß Á Á ½ Â ½

à Ú Ü ß Ý á Ú Ü ß ß Á Á ½ Â ½

Á Á ½ Â ½

Á Á ½ Â ½

Ã Ä Ä Å Æ ¼ ¿

Ã Ä Ä Å Æ ¼ È

¼

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 01 11 11 10 00 11 11 00 11 01 11

Adam Spargo aws@sanger.ac.uk
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â ã ä å æ ç è æ é ê ë ä è ì í î ï ð ñ ò ð ó ô

õ õ õ õ õ õ õ õ õ õ õ õ í î ï ð ö ÷ ø ù ù õ ú õ ô ô ô ô ô ô ô ô ô ô ô ô û ü ü ý þ ô ÷

õ õ õ õ õ õ õ õ õ õ õ ÿ í î ï ð ö � ø ù ù õ ú õ û ü ü ý þ ô �

ô ô ù ù õ ú õ û ü ü ý þ ô �

ô ô ù ù õ ú õ û ü ü ý þ ô �

ô ô ù ù õ ú õ û ü ü ý þ ô ÷

ô ô ù ù õ ú õ û ü ü ý þ ô �

õ � ÿ � � � õ � � ÿ õ � í î ï ð ö � � � � � ÷ � ø ù ù õ ú õ ù ù õ ú õ

õ � ÿ � � � õ � � ÿ õ � í î ï ð ö � � � � � ÷ � ø ù ù õ ú õ ù ù õ ú õ

ô ô ù ù õ ú õ ù ù õ ú õ

� � � � � � � � � � � � í î ï ð ö �
� ã � ø ù ù õ ú õ ù ù õ ú õ

� � � � � � � � � � � � í î ï ð ö �
� ã � ø ù ù õ ú õ ù ù õ ú õ

ù ù õ ú õ

ù ù õ ú õ

û ü ü ý þ ô ÷

û ü ü ý þ ô �

	 
 � � 
 � � � � � û ü ü ý þ ô �

ù ù õ ú õ

� � � � � � � � � � ù ù õ ú õ

� � � � � � � � � � ù ù õ ú õ

ù ù õ ú õ

ù ù õ ú õ

û ü ü ý þ ô ÷

û ü ü ý þ ô �

ô

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 11 10 00 11 11 00 11 01 11 01

Adam Spargo aws@sanger.ac.uk
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� � � � � �  � ! " # �  $ % & ' ( ) * ( + ,

- - - - - - - - - - - - % & ' ( . / 0 1 1 - 2 - , , , , , , , , , , , , 3 4 4 5 6 , /

- - - - - - - - - - - 7 % & ' ( . 8 0 1 1 - 2 - 3 4 4 5 6 , 8

, , 1 1 - 2 - 3 4 4 5 6 , 9

, , 1 1 - 2 - 3 4 4 5 6 , :

, , 1 1 - 2 - 3 4 4 5 6 , /

, , 1 1 - 2 - 3 4 4 5 6 , 8

- ; 7 ; ; < - ; ; 7 - < % & ' ( . : = = 9 > / 8 0 1 1 - 2 - 1 1 - 2 -

- ; 7 ; ; < - ; ; 7 - ; % & ' ( . : = = 9 > / 9 0 1 1 - 2 - 1 1 - 2 -

, , 1 1 - 2 - 1 1 - 2 -

; ; ; ; ; ; ; ; ; ; ; < % & ' ( . ?
@ � 9 0 1 1 - 2 - 1 1 - 2 -

; ; ; ; ; ; ; ; ; ; ; ; % & ' ( . ?
@ � 8 0 1 1 - 2 - 1 1 - 2 -

1 1 - 2 -

1 1 - 2 -

3 4 4 5 6 , /

3 4 4 5 6 , 8

A B C D E F G H I J 3 4 4 5 6 , 9

1 1 - 2 -

K J L M M N J L M O 1 1 - 2 -

P J L O M Q J L O O 1 1 - 2 -

1 1 - 2 -

1 1 - 2 -

3 4 4 5 6 , /

3 4 4 5 6 , 8

,

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 11 10 00 11 11 00 11 01 11 11

Adam Spargo aws@sanger.ac.uk
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R S T U V W X V Y Z [ T X \ ] ^ _ ` a b ` c d

e e e e e e e e e e e e ] ^ _ ` f g h i i e j e d d d d d d d d d d d d k l l m n d g

e e e e e e e e e e e o ] ^ _ ` f p h i i e j e k l l m n d p

d d i i e j e k l l m n d q

d d i i e j e k l l m n d r

d d i i e j e k l l m n d g

d d i i e j e k l l m n d p

e s o s s t e s s o e t ] ^ _ ` f r u u q v g p h i i e j e i i e j e

e s o s s t e s s o e s ] ^ _ ` f r u u q v g q h i i e j e i i e j e

d d i i e j e i i e j e

s s s s s s s s s s s t ] ^ _ ` f w
x S q h i i e j e i i e j e

s s s s s s s s s s s s ] ^ _ ` f w
x S p h i i e j e i i e j e

i i e j e

i i e j e

k l l m n d g

k l l m n d p

y z { | } ~ � � � � k l l m n d q

i i e j e

� � � � � � � � � � i i e j e

� � � � � � � � � � i i e j e

i i e j e

i i e j e

k l l m n d g

k l l m n d p

d

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 10 00 11 11 00 11 01 11 11 11

Adam Spargo aws@sanger.ac.uk
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� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �   ¡ ¡ � ¢ � � � � � � � � � � � � � £ ¤ ¤ ¥ ¦ � �

� � � � � � � � � � � § � � � � �̈   ¡ ¡ � ¢ � £ ¤ ¤ ¥ ¦ � ¨

� � ¡ ¡ � ¢ � £ ¤ ¤ ¥ ¦ � ©

� � ¡ ¡ � ¢ � £ ¤ ¤ ¥ ¦ � ª

� � ¡ ¡ � ¢ � £ ¤ ¤ ¥ ¦ � �

� � ¡ ¡ � ¢ � £ ¤ ¤ ¥ ¦ � ¨

� « § « « ¬ � « « § � ¬ � � � � � ª ­ ­ © ® �  ̈ ¡ ¡ � ¢ � ¡ ¡ � ¢ �

� « § « « ¬ � « « § � « � � � � � ª ­ ­ © ® � ©   ¡ ¡ � ¢ � ¡ ¡ � ¢ �

� � ¡ ¡ � ¢ � ¡ ¡ � ¢ �

« « « « « « « « « « « ¬ � � � � �̄
° � ©   ¡ ¡ � ¢ � ¡ ¡ � ¢ �

« « « « « « « « « « « « � � � � �̄
° �  ̈ ¡ ¡ � ¢ � ¡ ¡ � ¢ �

¡ ¡ � ¢ �

¡ ¡ � ¢ �

£ ¤ ¤ ¥ ¦ � �

£ ¤ ¤ ¥ ¦ � ¨

± ² ³ µ́ ¶ · ¸ ¹ º £ ¤ ¤ ¥ ¦ � ©

¡ ¡ � ¢ �

» º ¼ ½ ½ ¾ º ¼ ½ ¿ ¡ ¡ � ¢ �

À º ¼ ¿ ½ Á º ¼ ¿ ¿ ¡ ¡ � ¢ �

¡ ¡ � ¢ �

¡ ¡ � ¢ �

£ ¤ ¤ ¥ ¦ � �

£ ¤ ¤ ¥ ¦ � ¨

�

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 10 00 11 11 00 11 01 11 11 10

Adam Spargo aws@sanger.ac.uk
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Â Ã Ä Å Æ Ç È Æ É Ê Ë Ä È Ì Í Î Ï Ð Ñ Ò Ð Ó Ô

Õ Õ Õ Õ Õ Õ Õ Õ Õ Õ Õ Õ Í Î Ï Ð Ö × Ø Ù Ù Õ Ú Õ Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Û Ü Ü Ý Þ Ô ×

Õ Õ Õ Õ Õ Õ Õ Õ Õ Õ Õ ß Í Î Ï Ð Ö à Ø Ù Ù Õ Ú Õ Û Ü Ü Ý Þ Ô à

Ô Ô Ù Ù Õ Ú Õ Û Ü Ü Ý Þ Ô á

Ô Ô Ù Ù Õ Ú Õ Û Ü Ü Ý Þ Ô â

Ô Ô Ù Ù Õ Ú Õ Û Ü Ü Ý Þ Ô ×

Ô Ô Ù Ù Õ Ú Õ Û Ü Ü Ý Þ Ô à

Õ ã ß ã ã ä Õ ã ã ß Õ ä Í Î Ï Ð Ö â å å á æ × à Ø Ù Ù Õ Ú Õ Ù Ù Õ Ú Õ

Õ ã ß ã ã ä Õ ã ã ß Õ ã Í Î Ï Ð Ö â å å á æ × á Ø Ù Ù Õ Ú Õ Ù Ù Õ Ú Õ

Ô Ô Ù Ù Õ Ú Õ Ù Ù Õ Ú Õ

ã ã ã ã ã ã ã ã ã ã ã ä Í Î Ï Ð Ö ç
è Ã á Ø Ù Ù Õ Ú Õ Ù Ù Õ Ú Õ

ã ã ã ã ã ã ã ã ã ã ã ã Í Î Ï Ð Ö ç
è Ã à Ø Ù Ù Õ Ú Õ Ù Ù Õ Ú Õ

Ù Ù Õ Ú Õ

Ù Ù Õ Ú Õ

Û Ü Ü Ý Þ Ô ×

Û Ü Ü Ý Þ Ô à

é ê ë ì í î ï ð ñ ò Û Ü Ü Ý Þ Ô á

Ù Ù Õ Ú Õ

ó ò ô õ õ ö ò ô õ ÷ Ù Ù Õ Ú Õ

ø ò ô ÷ õ ù ò ô ÷ ÷ Ù Ù Õ Ú Õ

Ù Ù Õ Ú Õ

Ù Ù Õ Ú Õ

Û Ü Ü Ý Þ Ô ×

Û Ü Ü Ý Þ Ô à

Ô

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 10 00 11 11 00 11 01 11 11 10 11

Adam Spargo aws@sanger.ac.uk
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 û � � � � 
 � 
 � � 
 � 


� � � � � � � � � � � � � � � � � �
 û � � � � 
 � 
 � � 
 � 
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 � 


� � 
 � 


� � � � � � �

� � � � � � �

! " # $ % & ' ( ) * � � � � � � �

� � 
 � 


+ * , - - . * , - / � � 
 � 


0 * , / - 1 * , / / � � 
 � 


� � 
 � 


� � 
 � 


� � � � � � �

� � � � � � �

�

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 10 00 11 11 00 11 01 11 11 10 00

Adam Spargo aws@sanger.ac.uk
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2 3 4 5 6 7 8 6 9 : ; 4 8 < = > ? @ A B @ C D

E E E E E E E E E E E E = > ? @ F G H I I E J E D D D D D D D D D D D D K L L M N D G

E E E E E E E E E E E O = > ? @ F P H I I E J E K L L M N D P

D D I I E J E K L L M N D Q

D D I I E J E K L L M N D R

D D I I E J E K L L M N D G

D D I I E J E K L L M N D P

E S O S S T E S S O E T = > ? @ F R U U Q V G P H I I E J E I I E J E

E S O S S T E S S O E S = > ? @ F R U U Q V G Q H I I E J E I I E J E

D D I I E J E I I E J E

S S S S S S S S S S S T = > ? @ F W
X 3 Q H I I E J E I I E J E

S S S S S S S S S S S S = > ? @ F W
X 3 P H I I E J E I I E J E

I I E J E

I I E J E

K L L M N D G

K L L M N D P

Y Z [ \ ] ^ _ ` a b K L L M N D Q

I I E J E

c b d e e f b d e g I I E J E

h b d g e i b d g g I I E J E

I I E J E

I I E J E

K L L M N D G

K L L M N D P

D

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 00 11 11 00 11 01 11 11 10 00 10
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j k l m n o p n q r s l p t u v w x y z x { |

} } } } } } } } } } } } u v w x ~ � � � � } � } | | | | | | | | | | | | � � � � � | �

} } } } } } } } } } } � u v w x ~ � � � � } � } � � � � � | �

| | � � } � } � � � � � | �

| | � � } � } � � � � � | �

| | � � } � } � � � � � | �

| | � � } � } � � � � � | �

} � � � � � } � � � } � u v w x ~ � � � � � � � � � � } � } � � } � }

} � � � � � } � � � } � u v w x ~ � � � � � � � � � � } � } � � } � }

| | � � } � } � � } � }

� � � � � � � � � � � � u v w x ~ �
� k � � � � } � } � � } � }

� � � � � � � � � � � � u v w x ~ �
� k � � � � } � } � � } � }

� � } � }

� � } � }

� � � � � | �

� � � � � | �

� � � � � � � � � � � � � � � | �

� � } � }

� � � � � � � � � � � � } � }

  � � � � ¡ � � � � � � } � }

� � } � }

� � } � }

� � � � � | �

� � � � � | �

|

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 00 11 11 00 11 01 11 11 10 00 11

Adam Spargo aws@sanger.ac.uk



SSAHA Algorithm. 18

¢ £ ¤ ¥ ¦ §̈ ¦ © ª « ¤̈ ¬ ­ ® ¯ ° ± ² ° ³ ´

µ µ µ µ µ µ µ µ µ µ µ µ ­ ® ¯ ° ¶ · ¸ ¹ ¹ µ º µ ´́ ´́ ´́ ´́ ´́ ´́ » ¼ ¼ ½ ¾ ´ ·

µ µ µ µ µ µ µ µ µ µ µ ¿ ­ ® ¯ ° ¶ À ¸ ¹ ¹ µ º µ » ¼ ¼ ½ ¾ ´ À

´ ´ ¹ ¹ µ º µ » ¼ ¼ ½ ¾ ´ Á

´ ´ ¹ ¹ µ º µ » ¼ ¼ ½ ¾ ´ Â

´ ´ ¹ ¹ µ º µ » ¼ ¼ ½ ¾ ´ ·

´ ´ ¹ ¹ µ º µ » ¼ ¼ ½ ¾ ´ À

µ Ã ¿ Ã Ã Ä µ Ã Ã ¿ µ Ä ­ ® ¯ ° ¶ Â Å Å Á Æ · À ¸ ¹ ¹ µ º µ ¹ ¹ µ º µ

µ Ã ¿ Ã Ã Ä µ Ã Ã ¿ µ Ã ­ ® ¯ ° ¶ Â Å Å Á Æ · Á ¸ ¹ ¹ µ º µ ¹ ¹ µ º µ

´ ´ ¹ ¹ µ º µ ¹ ¹ µ º µ

Ã Ã Ã Ã Ã Ã Ã Ã Ã Ã Ã Ä ­ ® ¯ ° ¶ Ç
È £ Á ¸ ¹ ¹ µ º µ ¹ ¹ µ º µ

Ã Ã Ã Ã Ã Ã Ã Ã Ã Ã Ã Ã ­ ® ¯ ° ¶ Ç
È £ À ¸ ¹ ¹ µ º µ ¹ ¹ µ º µ

¹ ¹ µ º µ

¹ ¹ µ º µ

» ¼ ¼ ½ ¾ ´ ·

» ¼ ¼ ½ ¾ ´ À

É Ê Ë Ì Í Î Ï Ð Ñ Ò » ¼ ¼ ½ ¾ ´ Á

¹ ¹ µ º µ

Ó Ò Ô Õ Õ Ö Ò Ô Õ × ¹ ¹ µ º µ

Ø Ò Ô × Õ Ù Ò Ô × × ¹ ¹ µ º µ

¹ ¹ µ º µ

¹ ¹ µ º µ

» ¼ ¼ ½ ¾ ´ ·

» ¼ ¼ ½ ¾ ´ À

´

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 11 00 11 01 11 11 10 00 11 00
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Ú Û Ü Ý Þ ß à Þ á â ã Ü à ä å æ ç è é ê è ë ì

í í í í í í í í í í í í å æ ç è î ï ð ñ ñ í ò í ì ì ì ì ì ì ì ì ì ì ì ì ó ô ô õ ö ì ï

í í í í í í í í í í í ÷ å æ ç è î ø ð ñ ñ í ò í ó ô ô õ ö ì ø

ì ì ñ ñ í ò í ó ô ô õ ö ì ù

ì ì ñ ñ í ò í ó ô ô õ ö ì ú

ì ì ñ ñ í ò í ó ô ô õ ö ì ï

ì ì ñ ñ í ò í ó ô ô õ ö ì ø

í û ÷ û û ü í û û ÷ í ü å æ ç è î ú ý ý ù þ ï ø ð ñ ñ í ò í ñ ñ í ò í

í û ÷ û û ü í û û ÷ í û å æ ç è î ú ý ý ù þ ï ù ð ñ ñ í ò í ñ ñ í ò í

ì ì ñ ñ í ò í ñ ñ í ò í

û û û û û û û û û û û ü å æ ç è î ÿ
� Û ù ð ñ ñ í ò í ñ ñ í ò í

û û û û û û û û û û û û å æ ç è î ÿ
� Û ø ð ñ ñ í ò í ñ ñ í ò í

ñ ñ í ò í

ñ ñ í ò í

ó ô ô õ ö ì ï

ó ô ô õ ö ì ø

� � � � � � � � 	 
 ó ô ô õ ö ì ù

ñ ñ í ò í

� 
 � 
 
 � 
 � 
 � ñ ñ í ò í

� 
 � � 
 � 
 � � � ñ ñ í ò í

ñ ñ í ò í

ñ ñ í ò í

ó ô ô õ ö ì ï

ó ô ô õ ö ì ø

ì

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 11 00 11 01 11 11 10 00 11 11
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� � � � � � � � � � � � � � � � �  ! "  # $

% % % % % % % % % % % % � � �  & ' ( ) ) % * % $ $ $ $ $ $ $ $ $ $ $ $ + , , - . $ '

% % % % % % % % % % % / � � �  & 0 ( ) ) % * % + , , - . $ 0

$ $ ) ) % * % + , , - . $ 1

$ $ ) ) % * % + , , - . $ 2

$ $ ) ) % * % + , , - . $ '

$ $ ) ) % * % + , , - . $ 0

% 3 / 3 3 4 % 3 3 / % 4 � � �  & 2 5 5 1 6 ' 0 ( ) ) % * % ) ) % * %

% 3 / 3 3 4 % 3 3 / % 3 � � �  & 2 5 5 1 6 ' 1 ( ) ) % * % ) ) % * %

$ $ ) ) % * % ) ) % * %

3 3 3 3 3 3 3 3 3 3 3 4 � � �  & 7
8 � 1 ( ) ) % * % ) ) % * %

3 3 3 3 3 3 3 3 3 3 3 3 � � �  & 7
8 � 0 ( ) ) % * % ) ) % * %

) ) % * %

) ) % * %

+ , , - . $ '

+ , , - . $ 0

9 : ; < = > ? @ A B + , , - . $ 1

) ) % * %

C B D E E F B D E G ) ) % * %

H B D G E I B D G G ) ) % * %

) ) % * %

) ) % * %

+ , , - . $ '

+ , , - . $ 0

$

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 00 11 01 11 11 10 00 11 11 11
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J K L M N O P N Q R S L P T U V W X Y Z X [ \

] ] ] ] ] ] ] ] ] ] ] ] U V W X ^ _ ` a a ] b ] \ \ \ \ \ \ \ \ \ \ \ \ c d d e f \ _

] ] ] ] ] ] ] ] ] ] ] g U V W X ^ h ` a a ] b ] c d d e f \ h

\ \ a a ] b ] c d d e f \ i

\ \ a a ] b ] c d d e f \ j

\ \ a a ] b ] c d d e f \ _

\ \ a a ] b ] c d d e f \ h

] k g k k l ] k k g ] l U V W X ^ j m m i n _ h ` a a ] b ] a a ] b ]

] k g k k l ] k k g ] k U V W X ^ j m m i n _ i ` a a ] b ] a a ] b ]

\ \ a a ] b ] a a ] b ]

k k k k k k k k k k k l U V W X ^ o
p K i ` a a ] b ] a a ] b ]

k k k k k k k k k k k k U V W X ^ o
p K h ` a a ] b ] a a ] b ]

a a ] b ]

a a ] b ]

c d d e f \ _

c d d e f \ h

q r s t u v w x y z c d d e f \ i

a a ] b ]

{ z | } } ~ z | } � a a ] b ]

� z | � } � z | � � a a ] b ]

a a ] b ]

a a ] b ]

c d d e f \ _

c d d e f \ h

\

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 00 11 01 11 11 10 00 11 11 01
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� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �   � � � � � � � � � � � �  

� � � � � � � � � � � � � ¡

� � � � � � � � � � � � � ¢

� � � � � � � � � � � � � �

� � � � � � � � � � � � �  

� £ � £ £ ¤ � £ £ � � ¤ � � � � � ¢ ¥ ¥ ¡ ¦ �   � � � � � � � � � � �

� £ � £ £ ¤ � £ £ � � £ � � � � � ¢ ¥ ¥ ¡ ¦ � ¡ � � � � � � � � � � �

� � � � � � � � � � � �

£ £ £ £ £ £ £ £ £ £ £ ¤ � � � � � §
¨ � ¡ � � � � � � � � � � �

£ £ £ £ £ £ £ £ £ £ £ £ � � � � � §
¨ �   � � � � � � � � � � �

� � � � �

� � � � �

� � � � � � �

� � � � � �  

© ª « ¬ ­ ® ¯ ° ± ² � � � � � � ¡

� � � � �

³ ²́ µ µ ¶ ²́ µ · � � � � �

¸ ²́ · µ ¹ ²́ · · � � � � �

� � � � �

� � � � �

� � � � � � �

� � � � � �  

�

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 00 11 01 11 11 10 00 11 11 01 11
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º » ¼ ½ ¾ ¿ À ¾ Á Â Ã ¼ À Ä Å Æ Ç È É Ê È Ë Ì

Í Í Í Í Í Í Í Í Í Í Í Í Å Æ Ç È Î Ï Ð Ñ Ñ Í Ò Í Ì Ì Ì Ì Ì Ì Ì Ì Ì Ì Ì Ì Ó Ô Ô Õ Ö Ì Ï

Í Í Í Í Í Í Í Í Í Í Í × Å Æ Ç È Î Ø Ð Ñ Ñ Í Ò Í Ó Ô Ô Õ Ö Ì Ø

Ì Ì Ñ Ñ Í Ò Í Ó Ô Ô Õ Ö Ì Ù

Ì Ì Ñ Ñ Í Ò Í Ó Ô Ô Õ Ö Ì Ú

Ì Ì Ñ Ñ Í Ò Í Ó Ô Ô Õ Ö Ì Ï

Ì Ì Ñ Ñ Í Ò Í Ó Ô Ô Õ Ö Ì Ø

Í Û × Û Û Ü Í Û Û × Í Ü Å Æ Ç È Î Ú Ý Ý Ù Þ Ï Ø Ð Ñ Ñ Í Ò Í Ñ Ñ Í Ò Í

Í Û × Û Û Ü Í Û Û × Í Û Å Æ Ç È Î Ú Ý Ý Ù Þ Ï Ù Ð Ñ Ñ Í Ò Í Ñ Ñ Í Ò Í

Ì Ì Ñ Ñ Í Ò Í Ñ Ñ Í Ò Í

Û Û Û Û Û Û Û Û Û Û Û Ü Å Æ Ç È Î ß
à » Ù Ð Ñ Ñ Í Ò Í Ñ Ñ Í Ò Í

Û Û Û Û Û Û Û Û Û Û Û Û Å Æ Ç È Î ß
à » Ø Ð Ñ Ñ Í Ò Í Ñ Ñ Í Ò Í

Ñ Ñ Í Ò Í

Ñ Ñ Í Ò Í

Ó Ô Ô Õ Ö Ì Ï

Ó Ô Ô Õ Ö Ì Ø

á â ã ä å æ ç è é ê Ó Ô Ô Õ Ö Ì Ù

Ñ Ñ Í Ò Í

ë ê ì í í î ê ì í ï Ñ Ñ Í Ò Í

ð ê ì ï í ñ ê ì ï ï Ñ Ñ Í Ò Í

Ñ Ñ Í Ò Í

Ñ Ñ Í Ò Í

Ó Ô Ô Õ Ö Ì Ï

Ó Ô Ô Õ Ö Ì Ø

Ì

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 00 11 01 11 11 10 00 11 11 01 00
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ò ó ô õ ö ÷ ø ö ù ú û ô ø ü ý þ ÿ � � � � � �

� � � � � � � � � � � � ý þ ÿ � � � � 	 	 � 
 � � � � � � � � � � � � � � � � 
 � � �� � � � � � � � � � � � ý þ ÿ � � � � 	 	 � 
 � � � � 
 � � �� � 	 	 � 
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 � � �� � 	 	 � 
 � � � � 
 � � �� � 	 	 � 
 � � � � 
 � � �� � 	 	 � 
 � � � � 
 � � �� � � � � � � � � � � � ý þ ÿ � � � � � � � � � � 	 	 � 
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 � 	 	 � 
 �� � � � � � � � � � � � ý þ ÿ � � � � ó � � 	 	 � 
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 �	 	 � 
 �� � � 
 � � �� � � 
 � � �� � � � � � �  ! " � � � 
 � � �	 	 � 
 �# " $ % % & " $ % ' 	 	 � 
 �( " $ ' % ) " $ ' ' 	 	 � 
 �	 	 � 
 �	 	 � 
 �� � � 
 � � �� � � 
 � � ��

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 01 11 11 10 00 11 11 01 00 00
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* + , - . / 0 . 1 2 3 , 0 4 5 6 7 8 9 : 8 ; <

= = = = = = = = = = = = 5 6 7 8 > ? @ A A = B = < < < < < < < < < < < < C D D E F < ?= = = = = = = = = = = G 5 6 7 8 > H @ A A = B = C D D E F < H< < A A = B = C D D E F < I< < A A = B = C D D E F < J< < A A = B = C D D E F < ?< < A A = B = C D D E F < H= K G K K L = K K G = L 5 6 7 8 > J M M I N ? H @ A A = B = A A = B == K G K K L = K K G = K 5 6 7 8 > J M M I N ? I @ A A = B = A A = B =< < A A = B = A A = B =K K K K K K K K K K K L 5 6 7 8 > O P + I @ A A = B = A A = B =K K K K K K K K K K K K 5 6 7 8 > O P + H @ A A = B = A A = B =A A = B =A A = B =C D D E F < ?C D D E F < HQ R S T U V W X Y Z C D D E F < IA A = B =[ Z \ ] ] Ẑ \ ] _ A A = B =Z̀ \ _ ] a Z \ _ _ A A = B =A A = B =A A = B =C D D E F < ?C D D E F < H<

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00 11 01 11 11 10 00 11 11 01 00 11
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b c d e f g h f i j k d h l m n o p q r p s t

u u u u u u u u u u u u m n o p v w x y y u z u t t t t t t t t t t t t { | | } ~ t wu u u u u u u u u u u � m n o p v � x y y u z u { | | } ~ t �t t y y u z u { | | } ~ t �t t y y u z u { | | } ~ t �t t y y u z u { | | } ~ t wt t y y u z u { | | } ~ t �u � � � � � u � � � u � m n o p v � � � � � w � x y y u z u y y u z uu � � � � � u � � � u � m n o p v � � � � � w � x y y u z u y y u z ut t y y u z u y y u z u� � � � � � � � � � � � m n o p v � � c � x y y u z u y y u z u� � � � � � � � � � � � m n o p v � � c � x y y u z u y y u z uy y u z uy y u z u{ | | } ~ t w{ | | } ~ t �� � � � � � � � � � { | | } ~ t �y y u z u� � � � � � � � � � y y u z u� � � � � � � � � � y y u z uy y u z uy y u z u{ | | } ~ t w{ | | } ~ t �t

➳ Notice that DNA has an alphabet of only

4 characters.

➳ Can encode each base in two binary

digits.

➳ Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

= 3662802

00 11 01 11 11 10 00 11 11 01 00 11
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Download from:

http://www.sanger.ac.uk/Software/analysis/SSAHA2/

then:

$ gunzip ssaha2_1_0_1_b.mac.tar.gz

$ tar -xf ssaha2_1_0_1_b.mac.tar

$ mv ssaha2 ˜/bin/

$ ssaha2 -h

Adam Spargo aws@sanger.ac.uk



The SSAHA2 package: User options. 22

deskpro272[aws]42: ./ssaha2 -h

=============

SSAHA2 1.0.1

=============

Copyright (C) 2003-2004 The Wellcome Trust Sanger Institute, Cambridge, UK.

All Rights Reserved.

SSAHA2 is a package combining SSAHA with cross_match developed

by Phil Green at the University of Washington.

Reference: Ning Z, Cox AJ, Mullikin JC.

SSAHA: a fast search method for large DNAdatabases.

Genome Res. 2001 Oct;11(10):1725-9.

USAGE

ssaha2 <query> <subject> <-kmer 12> <-seeds 5> <-skip 12> <-cut 10000>

<-align 0> <-score 30> <-depth 50> <-memory 200>

<-array 4> <-edge 100> <-output ssaha2> <-tags 0>

<-sense 0> <-start 0> <-end 0> <-identity 50.0>

<-best 0> <-stat 0> [<-save hash> <-use hash>]
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➳ Divide and conquer.
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➳ Divide and conquer.

➳ Divide query sequences among available CPUs.
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Running large jobs. 23

➳ Divide and conquer.

➳ Divide query sequences among available CPUs.

➳ #jobs ¿ #CPUs.

➳ #jobs s.t. search time ¿¿ hash time.
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Running large jobs. 24

bsub -R ’select[mem>10000] rusage[mem=10000]’

-q hugemem -m turing -e myjob.error.%J -o myjob.out.%J

./ssaha2 /not_nfs/query.fa /somewhere_considerate/chr_21.fna

Adam Spargo aws@sanger.ac.uk



Running large jobs. 25

sh-2.05b$ ssaha2 query.fa subject.fa \

> /tmp/my_sh_job.out \

2> /tmp/my_sh_job.err &

[1] 373

sh-2.05b$

[mpb17391:˜] aws% (ssaha2 query.fa subject.fa \

> /tmp/my_csh_job.out) \

>& /tmp/my_csh_job.err &

[1] 384

[mpb17391:˜] aws%

Adam Spargo aws@sanger.ac.uk



Running large jobs. 26

[mpb17391:˜] aws% ssaha2 query.fa subject.fa -tags 1

===================================================

Matches For Query 0 (613 bases): ml1B-a1142a01.q1cz

===================================================

Score Q_Name S_Name Q_Start Q_End

S_Start S_End Direction #Bases identity

ALIGNMENT 604 ml1B-a1142a01.q1cz ml1B-a1142a01.q1cz

613 1 613 F 613 99.51 613

Finished job

[mpb17391:˜] aws% ssaha2 query.fa subject.fa \

-tags 1 -best 1 | \

grep ALIGNMENT | \

awk ’{print $3, $2}’

ml1B-a1142a01.q1cz 604

[mpb17391:˜] aws%

Adam Spargo aws@sanger.ac.uk
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Running large jobs. 27

Example:

➳ You want to align 40 million reads against the human genomes.

➳ You have 12 CPUs available.

➳ SSAHA2 will align ∼200,000 reads per CPU per day.

➳ Allowing 2,400,000 per day.

➳ Done in two weeks.

Adam Spargo aws@sanger.ac.uk



ssaha2Server: Installation. 28

Download from:

http://www.sanger.ac.uk/Software/analysis/SSAHA2/

then:

$ gunzip ssaha2Srv_1_0_1_c.mac.tar.gz

$ tar -xf ssaha2Srv_1_0_1_c.mac.tar.gz

$ mv ssaha * ˜/bin/

$ ssaha2Server -h
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ssahaEST. 30

deskpro272[aws]68: ls

chr_10_89612000_89722000.fna MTX

HUMAN_PTEN.fna README

HUMAN_PTEN.fna_chr_10_89612000_89722000.fna.ssahaEST ssahaEST

deskpro272[aws]69: ./ssahaEST HUMAN_PTEN.fna chr_10_89612000_89722000.fna
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ssahaSNP. 31

===================================================

Matches For Query 0 (592 bases): 20SNP45079-1010a03.p1c

===================================================

Score Q_Name S_Name Q_Start Q_End S_Start S_End Direction #Bases identity

514 20SNP45079-1010a03.p1c 20.1-62435964 32 592 28177108 28177668 F 561 98.40 592

ProcessSNP_start 20SNP45079-1010a03.p1c

snp_start 20.1-62435964_28177358

ssaha:SNP 20.1-62435964 0 20SNP45079-1010a03.p1c A G 40 40 28177357 280 1 28177108 28177668 0 62435964

alignment name |

alignment 20SNP45079-1010a03.p1c AACAACCCAAATGTTCACCAGTAGATGAACGGATAAACAAA

alignment 20.1-62435964 AACAACCCAAATGTTCACCAATAGATGAACGGATAAACAAA

snp_end 20SNP45079-1010a03.p1c_28177358

ProcessSNP_end 20SNP45079-1010a03.p1c

ProcessIndel_start 20SNP45079-1010a03.p1c 0 5

ssaha:indel 20SNP45079-1010a03.p1c 20.1-62435964 0 28177608 500 1 1 N - 28177108 28177668 0 62435964 40 A 40 N 40 G 40 G

alignment name |

alignment 20SNP45079-1010a03.p1c AGAAGGAATATGGGGGGATAGGGGAGGTGATANCTAAAAGT

alignment 20.1-62435964 AGAAGGAATATGGGGGGATA-GGGAGGTGATAGCTAAAGGT

ProcessIndel_end 20SNP45079-1010a03.p1c
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TraceSearch: Applications. 36

Validation:

➳ Verification of sequence origin.

➳ Confirmation of putative novel sequence.

➳ Contamination screening.

➳ Improving both correctness and length of assembly.
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Finishing:

➳ Find missing parts in the draft genome assemblies.

➳ Closing difficult gaps using reads from other centres.
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Add depth:

➳ Reads from other centres/species.

➳ Localized comparative genomics.

➳ Added confidence to SNPs and indels.

➳ Crude estimate of allele-frequency.
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Add width:

➳ Extend the sequence in both directions

➳ e.g. Build-up an entire exon starting from an EST

➳ Local consensus around any given feature

➳ Recovery of novel sequence.

➳ Checking computationally derived structural variations.

Adam Spargo aws@sanger.ac.uk
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Any more? - please email aws@sanger.ac.uk.

Adam Spargo aws@sanger.ac.uk
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URL. 41

http://www.sanger.ac.uk/Software/analysis/SSAHA2/
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